PREAMBLE
The Society of Nuclear Medicine and Molecular Imaging (SNMMI) is an international scientific and professional organization founded in 1954 to promote the science, technology, and practical application of nuclear medicine. Its 16,000 members are physicians, technologists, and scientists specializing in the research and practice of nuclear medicine. In addition to publishing journals, newsletters, and books, the SNMMI also sponsors international meetings and workshops designed to increase the competencies of nuclear medicine practitioners and to promote new advances in the science of nuclear medicine.
The SNMMI will periodically define new guidelines for nuclear medicine practice to help advance the science of nuclear medicine and to improve the quality of service to patients throughout the United States. Existing practice guidelines will be reviewed for revision or renewal, as appropriate, on their fifth anniversary or sooner, if indicated.
Each practice guideline, representing a policy statement by the SNMMI, has undergone a thorough consensus process in which it has been subjected to extensive review, requiring the approval of the Committee on Guidelines and SNMMI Board of Directors. The SNMMI recognizes that the safe and effective use of diagnostic nuclear medicine imaging requires specific training, skills, and techniques, as described in each document. Reproduction or modification of the published practice guideline by those entities not providing these services is not authorized.
These guidelines are an educational tool designed to assist practitioners in providing appropriate care for patients. They are not inflexible rules or requirements of practice and are not intended, nor should they be used, to establish a legal standard of care. For these reasons and those set forth below, the SNMMI cautions against the use of these guidelines in litigation in which the clinical decisions of a practitioner are called into question.
The ultimate judgment regarding the propriety of any specific procedure or course of action must be made by the physician or medical physicist in light of all the circumstances presented. Thus, there is no implication that an approach differing from the guidelines, standing alone, was below the standard of care. To the contrary, a conscientious practitioner may responsibly adopt a course of action different from that set forth in the guidelines when, in the reasonable judgment of the practitioner, such course of action is indicated by the condition of the patient, limitations of available resources, or advances in knowledge or technology subsequent to publication of the guidelines.
The practice of medicine involves not only the science, but also the art, of dealing with the prevention, diagnosis, alleviation, and treatment of disease. The variety and complexity of human conditions make it impossible to always reach the most appropriate diagnosis or to predict with certainty a particular response to treatment. Therefore, it should be recognized that adherence to these guidelines will not ensure an accurate diagnosis or a successful outcome. All that should be expected is that the practitioner will follow a reasonable course of action based on current knowledge, available resources, and the needs of the patient to deliver effective and safe medical care. The sole purpose of these guidelines is to assist practitioners in achieving this objective.
I. INTRODUCTION
This guideline was developed collaboratively by the SNMMI with the American Society of Nuclear Cardiology (ASNC) and the Society of Cardiovascular CT (SCCT).
Since 2002, there has been a rapid evolution of hybrid imaging technology incorporating high-quality multidetectorrow CT technology, along with the latest SPECT and PET detector systems. The increasing clinical use of these hybrid systems for cardiovascular radionuclide studies necessitates the establishment of guidelines to ensure reliable use and practice of this technology. The purpose of this document is to assist physicians in the proper performance (acquisition, processing, interpretation, and reporting) of cardiovascular imaging procedures using hybrid-imaging devices and in the use of postprocessing software techniques to fuse cardiovascular images obtained on dedicated CT and radionuclide scanners. This document assumes a basic knowledge of cardiac SPECT (1) (2) (3) (4) (5) and PET (1, 4, 6) . For further details, the readers are referred to the previously published guideline documents. The current document will focus on the use of hybrid imaging procedures and cardiac CT.
II. GOALS
Hybrid imaging is the term frequently used to describe imaging approaches that combine radionuclide imaging with CT. This could be achieved with both CT and radionuclide scanners mounted on the same gantry or with separate imaging systems. The radionuclide component of hybrid imaging could include either SPECT or PET. The CT component of the original hybrid systems was designed primarily for attenuation correction and not for diagnostic anatomic imaging. However, the more recent SPECT/CT and PET/CT scanners incorporate multidetector CT scanners that provide diagnostic-quality CT, including coronary artery calcium scoring and coronary CT angiography (CTA).
Hybrid SPECT/CT and PET/CT enable us to assess cardiac physiology along with cardiac and coronary anatomy (7) (8) (9) . The use of CT-based transmission imaging and attenuation correction improves the diagnostic accuracy of myocardial perfusion imaging (MPI), compared with non-attenuation-corrected MPI (10) . Attenuation correction facilitates quantitative imaging of myocardial perfusion and metabolism. The assessment of anatomic coronary atherosclerotic burden may amplify the diagnostic and prognostic value of rest and stress MPI. Lastly, the fusion of cardiac and coronary anatomy with functional imaging holds potential for research applications in molecular imaging. Data to support the clinical utility of hybrid imaging continue to accrue (11) . This document provides a consensus recommendation for how best to perform, interpret, and report clinical hybrid cardiac imaging studies.
III. DEFINITIONS
A hybrid SPECT/CT scanner is an integrated device wherein the gantry includes both a SPECT scanner and a CT scanner, which use a common bed to move the patient sequentially through both scanners. A hybrid PET/CT scanner is an integrated device wherein the gantry includes both a PET scanner and a CT scanner, also using a common bed to move the patient sequentially through both scanners. A dedicated SPECT scanner is a SPECT scanner with or without a radionuclide source for transmission imaging and attenuation correction. A dedicated PET scanner is one containing a radionuclide source for transmission imaging and attenuation correction. CTAC refers to a CT transmission scan used for attenuation correction of the radionuclide images. Misregistration refers to the misalignment of SPECT or PET emission images with their corresponding CT scans. SPECT/CT or PET/CT image fusion refers to the process of registration and display of the radionuclide and CT images. The term MPI is used in this document to refer to MPI with either SPECT or PET unless otherwise specified.
IV. COMMON CLINICAL APPLICATIONS
The clinical applications of hybrid cardiac imaging include but are not limited to attenuation-corrected MPI, coronary artery calcium scoring, coronary CTA, fusion imaging and localization, cardiac viability, and imaging of inflammatory cardiac conditions. Attenuation correction is routinely performed for MPI studies on hybrid devices and on some dedicated scanners, whereas coronary artery calcium scoring and coronary CTA are performed for specific clinical indications. Appropriate use criteria for cardiovascular CT (12) and for radionuclide cardiac imaging (4) have been addressed by the American College of Cardiology and the American College of Radiology, in collaboration with other organizations, including the SNMMI.
See also part F of section VI, "Integrating Diagnostic Information from Radionuclide and CT Images," and supporting references.
V. QUALIFICATIONS AND RESPONSIBILITIES OF PERSONNEL (IN THE UNITED STATES)

A. Physicians
Presently, there is no specific credentialing or qualification requirement for the performance and interpretation of hybrid imaging. Physicians with documented training in PET or SPECT and cardiac CT are generally qualified to perform and interpret hybrid-imaging procedures. These physicians should be listed as an authorized user on the radioactive materials license of their institution. When required by the Nuclear Regulatory Commission or by the state, at least one physician member of the facility must be a participating member of the committee that deals with radiation safety. Physicians trained in nuclear cardiology, and nuclear medicine physicians who are not radiologists, will require additional training in CT detector physics and instrumentation, as well as training in performing and interpreting cardiac CT (13) , except when solely interpreting imaging from scanners with extremely low-dose CT and interpretable CT images (XACT [Digirad], Brightview XCT [Philips] , and possibly Hawkeye [GE Healthcare]). Physicians trained primarily in CT will require additional time to learn the physics and instrumentation of radionuclide imaging, as well as training to perform and interpret radionuclide images and to understand radionuclide physiology, radionuclide handling, and radiation safety for patients and personnel (14) . Physicians supervising and performing stress testing must be experienced in exercise and pharmacologic stress testing with vasodilator agents and dobutamine (15) . In addition to being a qualified physician with a license to practice medicine, physicians should have the specific qualifications listed below for performing and interpreting hybrid imaging.
SPECT/CT cardiac radionuclide imaging
The credentialing requirements for physicians to perform and interpret SPECT and SPECT/CT cardiac radionuclide imaging include training and certification. There are 3 groups of professional organizations that have recommendations for training in cardiac SPECT, PET, and/ or CT: nuclear medicine, radiology, and cardiology. SNMMI recommends that all nuclear medicine examinations should be performed under the supervision of, and interpreted by, a physician certified in nuclear medicine or nuclear radiology by the American Board of Nuclear Medicine, the American Board of Radiology, the Royal College of Physicians or Surgeons of Canada, Le College des Medecins du Quebec, or the equivalent (16) . ASNC endorsed the training in nuclear cardiology published by the American College of Cardiology Foundation (ACCF). Level 1 (2 mo) training makes the trainee conversant with the field of nuclear cardiology for application in general clinical management of cardiovascular patients. Level 2 (4 mo) training provides the trainee with special expertise to practice clinical nuclear cardiology. Level 2 training requires a minimum of 4 mo of training or experience in cardiovascular nuclear medicine, with interpretation of 300 cases under the supervision of a qualified physician. For 35 of these cases (25 MPI and 10 radionuclide angiocardiography/gated blood pool imaging/ventriculography), the physician being trained must be present and involved in the acquisition of the studies. A minimum of 30 cases with catheter or CT coronary angiographic correlation must be documented (17) . Alternatively, training can meet the requirements of the American College of Radiology (ACR)/SNMMI Technical Standard for Diagnostic Procedures Using Radiopharmaceuticals (18) .
Certification can be by any of the following specialty boards or certifying bodies: the American Board of Nuclear Medicine; the American Board of Radiology; the American Board of Radiology with subspecialty certification in nuclear radiology; the American Board of Internal Medicine, including certification in cardiovascular disease; and the Certification Board of Nuclear Cardiology.
PET/CT cardiac radionuclide imaging
The credentialing requirements for physicians for PET/CT cardiac radionuclide imaging include meeting the qualifications stated above for SPECT and SPECT/ CT cardiac radionuclide imaging, with additional specific experience in cardiac PET studies.
A minimum of 4 mo of training or experience is required in cardiovascular nuclear medicine, with interpretation of 300 cases under the supervision of a qualified physician. For 35 of these cases, the physician being trained must be present and involved in the acquisition of the studies, which must include a reasonable distribution of cardiac PET studies (14) . Evidence of participation and maintenance of certification is as required by the specialty board (14) . Demonstration of continuing competence is required through interpretation and reporting of at least 50 cardiac PET/CT examinations per year (14) .
Cardiovascular stress testing
The physician supervising the stress portion of the study and interpreting stress radionuclide cardiac imaging must acquire the necessary cognitive skills as defined by the clinical competence statement on stress testing by the American College of Cardiology/American Heart Association (15) . The skills necessary for supervision or interpretation of stress testing can be acquired through multiple pathways, including residency training in nuclear medicine (19) , a fellowship in cardiovascular disease, or electives during internal medicine or family practice residency (15) . Trainees should devote at least 4 wk to this training and should participate in at least 50 procedures to achieve competence in supervision and interpretation (15) . For physicians who did not receive formal training for the supervision or interpretation of stress testing during a residency or fellowship but who have performed stress testing on a regular and substantial basis for more than 3 y (minimum, 150 procedures), experience may be considered individually in lieu of formal training and should meet the criteria as described by the clinical competence statement on stress testing (15) .
It is recommended that physicians perform at least 25 exercise tests per year to maintain their competence, with a quality assurance program and successful completion of a course in advanced cardiovascular life support that is renewed on a regular basis (15).
Cardiac CT
Physicians must have substantial knowledge of radiation biology; the physics of CT; the principles of CT image acquisition and postprocessing; the design of CT protocols, including the rate and timing of contrast administration; and education and competency in all aspects of cardiac imaging such as cardiac anatomy, physiology, pathology, or cardiac CT (13, 20) . Physicians involved in coronary CTA must be familiar with the potential hazards associated with CT and the intravenous administration of iodinated contrast media (13, 20) .
For cardiologists, the minimum requirement to independently perform and interpret cardiac CT is level 2 training (20, 21) . This includes interpretation of at least 50 unenhanced and 150 contrast-enhanced studies (in which the physician is physically present and involved in image acquisition and interpretation for 35 CT studies if a fellow in training and 50 cases if a physician in practice) and completion of didactic studies dedicated to cardiac CT (21, 22) . Radiologists should meet the requirements of the ACR Practice Guideline for the Performance and Interpretation of Cardiac CT. Nonradiologist nuclear medicine physicians should meet either the requirements for cardiologists or the requirements for radiologists.
Physicians will be responsible for all aspects of hybrid imaging, including reviewing the clinical indications for the study, specifying the study protocol and the methods of image reconstruction, interpreting the images, and generating a report (13) . The physician is responsible for the completeness of the interpretation of coronary, cardiac, and noncardiac findings (normal or abnormal) observed during the examination.
Physicians should interpret a sufficient number of studies to maintain competence, participate in CME activities relevant to their practice, and participate in a quality program to assess interpretation accuracy.
B. Technologists
Nuclear medicine technologists are board-certified by the Nuclear Medicine Technology Certification Board or the American Registry of Radiologic Technologists to perform conventional imaging procedures in nuclear medicine and PET. The credentialing requirements for nuclear medicine technologists to perform hybrid imaging vary from state to state and may be regulated by the Nuclear Regulatory Commission. There is a growing emphasis on credentialing in CT for technologists involved in SPECT/CT or PET/CT. The Society of Nuclear Medicine and Molecular Imaging Technologist Section completed a document in 2008 detailing the scope of practice for the nuclear medicine technologist, which includes transmission scanning with CT in hybrid systems (SPECT/CT and PET/CT (23)). The present requirements in general are as follows: 1. SPECT/CT cardiac radionuclide imaging A registered nuclear medicine technologist with the credentials RT (N) or CNMT (Certified Nuclear Medicine Technologist) may operate the SPECT scanner. For SPECT/CT, technologists involved must be well educated and trained in SPECT/CT procedures and radiation protection principles (24) . Depending on state and federal regulations, a technologist with one of these credentials may operate hybrid equipment after obtaining appropriate additional education and training and demonstrating competency. Nuclear medicine technologists can obtain additional credentialing in nuclear cardiology through a specialty examination offered by the Nuclear Medicine Technology Certification Board. 2. PET/CT cardiac radionuclide imaging A registered nuclear medicine technologist with the credentials RT (N) or CNMT may operate the PET scanner. For PET/CT, technologists involved must be well educated and trained in PET/CT procedures and radiation protection principles (25) . Depending on state and federal regulations, a technologist with one of these credentials may operate hybrid equipment after obtaining appropriate additional education and training and demonstrating competency. Nuclear medicine technologists can obtain additional credentialing in PET through a specialty examination offered by the Nuclear Medicine Technology Certification Board. 3. Cardiac CT A technologist for cardiac CT must be a registered radiographer with the credentials RT (T), RT (R), experienced at operating the CT scanner and with experience in cardiac imaging (13) .
There are at least 2 technologist issues related to hybrid SPECT/CT and PET/CT ( Table 1 ). The first is training of the nuclear medicine technologists on these hybrid scanners. The next is education of the technologists in cardiac physiology and anatomy. Training related to the technical aspects of radionuclide imaging on the hybrid devices, CT, and processing for attenuation correction, calcium scoring, and coronary CTA studies is necessary. Since hybrid imaging devices capture exquisite anatomic detail of the heart and chest, compared with radionuclide imaging, cardiovascular anatomy and physiology training is also required. For example, the technologist would need to identify the anatomic landmarks of the carina and the heart borders on the CT scan to position patients for emission scans. Identification of the origin of the left main coronary artery is important for positioning the start and end locations for coronary CTA studies. Therefore, with the abovementioned training and an additional credential in CT through a specialty examination offered by the American Registry of Radiologic Technologists, nuclear medicine technologists are qualified to perform cardiac CT on hybrid scanners provided the state licensing boards recognize this credential (26) .
C. Physicists
A medical physicist for SPECT/CT, PET/CT, and CT must show competence to practice independently in one or more of the subcategories in medical physics through previous experience or education (13) . The appropriate subfields for medical physics include therapeutic radiologic, medical nuclear, and radiologic physics (13 (6) , cardiac imaging may be performed in the 2-dimensional (septa in) or 3-dimensional (septa out) mode. Scanners with any of the available crystals-bismuth germanate, gadolinium oxyorthosilicate, lutetium oxyorthosilicate, or lutetium yttrium orthosilicate-can be used successfully for cardiac imaging (6) .
For hybrid imaging systems, the CT configuration can be low-resolution CT (nondiagnostic CT) or 2-slice to $64-slice multidetector-row CT. Any of these systems can be used for attenuation correction of MPI. For coronary artery calcium scoring, at least 4-slice CT is required ($6-slice recommended). For coronary CTA, at least a 16-slice scanner is required ($64-slice multidetector-row CT recommended), with imaging capability for slice width of 0.4-0.6 mm and temporal resolution of 500 ms or less (#350 ms is preferred) (13, 28, 29) . Learn operation of power injector and remote operation of dual-chamber contrast and saline injector system for coronary CTA studies Understand interference from metallic objects and CT-based attenuation correction algorithms Learn to minimize radiation dose from CT scans Recognize that CTAC for MPI is of low dose without need to increase dose on basis of body mass index Learn to prepare, position, perform, and reconstruct MPI on hybrid scanners (SPECT/CT and PET/CT) Learn to register MPI and CTAC images CTA 5 CT angiogram; MPI 5 myocardial perfusion imaging; CTAC 5 CT for attenuation correction.
A dual power injector for administration of iodinated contrast material and normal saline chaser is required for coronary CTA studies (28, 29) .
Dedicated workstations for reviewing the respective MPI and CT images are required. Dedicated software for fusion of the MPI and CT images is also needed. Systems that can archive large imaging datasets, and networks capable of transferring large imaging datasets (list-mode data and cardiac CT data), are recommended.
VI. PROCEDURE/SPECIFICATIONS OF THE EXAMINATION A. Patient screening
Patient screening should be performed by or under the supervision of a qualified physician. The test indications must be carefully scrutinized and the test deemed necessary for patient management. The indications for the radionuclide and for the cardiac CT studies should be reviewed separately. In female patients of child-bearing potential, whether a urine or serum pregnancy test is needed is based on individual institutional policies. Contraindications for rest and stress MPI, coronary artery calcium scoring, and coronary CTA are listed in Table 2 .
B. Patient preparation and precautions
Patient preparation for MPI using hybrid devices is the same as that for dedicated nuclear scanners and has been previously outlined (2,3,5,6). 1. NPO: Typically, patients need to fast and take nothing by mouth (NPO) for at least 4 h. (sildenafil, vardenafil) to 48 h (tadalafil) is a contraindication for nitroglycerin administration (33) . Dipyridamole-containing medications must be withheld for 48 h before pharmacologic stress with adenosine, regadenoson, or dipyridamole. Use of caffeine-containing medications (including antimigraine medications) can limit vasodilation from vasodilator stress agents and potentially reduce test sensitivity for ischemia. Metformin is withheld for 48 h after coronary CTA and restarted after renal function has been assessed. For coronary CTA studies, patients should have no contraindication to administration of b-blockers or nitroglycerin. 8. Electrocardiogram (ECG) leads: Patients should be prepared for the stress test using radiotranslucent ECG leads whenever feasible. For MPI, coronary artery calcium scoring, and coronary CTA, the ECG tracing should be evaluated with the patient's arms raised above the head. 9. Position: Patients should be positioned in a comfortable manner appropriate for the imaging device used. For patients positioned on a horizontal bed, arms should be above the head, if tolerated by the patient. For MPI, supine (standard) or prone (optional) positioning can be used depending on local preferences (5) . With some of the newer heart-specific scanners, MPI may be performed in an upright position. For cardiac CT, supine positioning is standard. Appropriate table centering within the gantry is important to allow for proper function of angular z-axis tube current modulation. 10. Breast feeding: See section X for information on MPI in the breast-feeding patient, including recommendations on the interruption of breast feeding for various radiopharmaceutical agents.
C. Information pertinent to the procedure
Detailed information pertinent to the procedures has been previously described (2,3,5,6,13,28,29). 1. History: A focused history should be obtained about potential contraindications (Table 2) , including the presence of any metallic implants or devices, claustrophobia, body mass index, chest circumference, bra cup size, ability to lie still for the duration of the scan, and ability to raise arms above head. 2. Scan time: Patients should come prepared to spend 2.5-4 h for a SPECT/CT MPI study, 1-2 h for a PET/CT MPI study, and an additional hour for the coronary CTA examination (if performed the same day). 3. Breath-hold: For a coronary artery calcium score or coronary CTA study, breath-hold techniques and shallow tidal breathing instructions should be provided. Patients should be instructed to not move during the MPI or CT procedure. Practice of breath-holding will decrease the risk of motion blurring. 4. Informed consent: Informed consent should be obtained in accordance with local institutional policies.
D. Radiopharmaceuticals
The most commonly used SPECT radiopharmaceuticals include 99m Tc-sestamibi, 99m Tc-tetrofosmin, and 201 Tlchloride ( 201 Tl). 99m Tc-based agents have superior image quality (lower scatter) and lower radiation dose per unit administered activity. 201 Tl was more commonly used before the development of 99m Tc agents but continues to be used, particularly when 99m Tc agents are in short supply. Details of radiopharmaceuticals, dosages, and specific image acquisition parameters for SPECT have been previously outlined (2, 3, 5) . The most common clinically used PET radiopharmaceuticals include 82 Rb, 13 N-ammonia for MPI, and 18 F-fluorodeoxyglucose ( 18 F-FDG) for metabolic imaging. 82 Rb is generator-produced and widely available for clinical use. 13 N-ammonia is a cyclotron-produced radiotracer available in hospitals with an onsite cyclotron. Details of radiopharmaceuticals, dosages, and specific image acquisition parameters for PET have been previously outlined (6).
E. Acquisition protocols
This section describes the acquisition protocols for SPECT/CT MPI, PET/CT MPI, 18 F-FDG PET/CT, cardiac CT, and fusion of radionuclide and CT images. 1. SPECT/CT MPI Perfusion imaging can be performed with 99m Tc agents or 201 Tl using previously described protocols (5) . SPECT is standard, with planar imaging limited to the imaging of claustrophobic patients and patients with a large body habitus (patients above the weight limit of the imaging table or not able to fit within the scanner gantry). Gated SPECT is recommended whenever feasible.
For 99m Tc, the most commonly used protocols are a 1-d, low-dose rest and high-dose stress protocol (Table  3) or a 2-d protocol (for patients with a high body mass index) with equal radiotracer injection (925-1,110 MBq [25-30 mCi] of 99m Tc) (5). A protocol using 201 Tl at rest and 99m Tc perfusion tracers during stress, the so-called dual-isotope technique, allows for a shorter study but at the expense of higher radiation dose. 201 Tl MPI with 4-and 24-h redistribution imaging is also used for assessment of myocardial viability. If 99m Tc isotope is not available, 201 Tl is an alternate agent for rest and stress MPI.
Stress-only imaging with 99m Tc may reduce test duration, radiation dose, and costs. Preliminary evidence suggests normal stress-only SPECT to be equivalent to normal rest and stress MPI for risk stratification in low-risk patients (34, 35) . Stress-only MPI can be considered as an option by experienced and well-qualified physicians in highly selected patients with low risk or very low risk in whom the stress images are anticipated to be normal (36) .
A typical SPECT protocol is shown in Table 3 (5). Patients are scanned supine (standard), prone (optional), or upright depending on local preferences and scanner type. SPECT/CT frequently uses an acquisition protocol that has a 128 · 128 matrix with a zoom factor of 1.0. The CT protocols for SPECT/CT and PET/CT are described in part E4 of this section (5). 2. PET/CT MPI MPI ( 13 N-ammonia or 82 Rb) and myocardial metabolic imaging ( 18 F-FDG) can be performed using PET (6) . Details of 13 N-ammonia imaging protocols have been previously published (6) . 82 Rb is the most commonly used radiotracer for PET MPI. Patients are typically scanned supine with the arms raised above the shoulders. The heart position is localized using a scout CT image (10 mA, 120 keV) followed by CTAC (10-20 mA, 120 keV) for attenuation correction and emission imaging. For 82 Rb imaging, 1,480-2,040 MBq (40-60 mCi) (2-dimensional), 370-740 MBq (10-20 mCi) (3-dimensional, bismuth germanate systems), or 1,110-1,480 MBq (30-40 mCi) (3-dimensional, lutetium oxyorthosilicate systems) are injected, followed by image acquisition for 7 min without a prescan delay using list mode (preferred), or in gated or static mode using a prescan delay (70-90 s for left ventricular ejection fraction . 50%, and 91-130 s for left ventricular ejection fraction , 50%).
Stress testing (predominantly pharmacologic stress) is performed using standard protocols and radiotracer injected at maximal hyperemia followed by the same imaging steps as described for rest MPI. Exercise stress is not frequently used but is possible with 13 N-ammonia and challenging with 82 Rb.
Typically, the patient position is not changed on the scanner table between the rest and stress images, and a single CTAC study is adequate for attenuation correction of the rest and stress images. If the patient is moved after rest MPI, CTAC after stress MPI may be preferable to CTAC during peak hyperemia, particularly when vasodilator stress is used, because of respiratory stimulation caused by vasodilator agents.
List-mode emission data are unlisted into gated, static, and dynamic image sets for analysis. The images are reconstructed using filtered backprojection or iterative expectation maximization (e.g., ordered-subsets expectation maximization). The protocols for cardiac PET have been described in great detail previously (Table 4 ) (6). 3. 18 F-FDG PET/CT Cardiac 18 F-FDG imaging is performed for assessment of myocardial viability and for identifying cardiac inflammation (e.g., sarcoidosis).
For myocardial viability assessment, the following steps can be followed: Perform rest MPI using 82 Rb or 13 N-ammonia as described above for PET/CT MPI. Some facilities use the SPECT/CT attenuation-corrected MPI or a gated SPECT MPI study for comparison with the 18 F-FDG study. Follow this with glucose loading and insulin administration for viability assessment using standard protocols (6) . Check baseline blood sugar, and perform oral glucose or intravenous glucose loading protocols as shown in Tables 5 and 6 (6). Perform 18 F-FDG imaging as a gated study (whenever possible) for 15-30 min using previously described parameters (Table 7 ). In case of high blood-pool activity on the 18 F-FDG images (typically seen with insulin resistance), more intravenous insulin may be administered and images reacquired (6) . 18 F-FDG imaging is performed for assessment of myocardial inflammation in patients with suspected or known cardiac sarcoidosis (37) (38) (39) (40) . Preliminary retrospective , a 90-min uptake period, and subsequent image acquisition in a static mode using parameters described in Table 7 . Whole-body 18 F-FDG imaging is performed from the cerebellum to the upper thigh to be able to assess 18 F-FDG uptake in extracardiac regions (neck, mediastinum, lungs, and abdominal lymph nodes). The rest myocardial perfusion and cardiac 18 F-FDG images are reconstructed and reoriented into standard cardiac planes (short axis, Administer oral glucose load (typically 25-100 g; Table 6 ) Monitor blood glucose ( (Table 7) Reproduced with permission from (6).
vertical long axis, and horizontal long axis) for interpretation. The whole-body 18 F-FDG images should be interpreted by trained nuclear medicine physicians or physicians credentialed to supervise and interpret body PET/CT (42,43).
Attenuation-correction CT scan (CTAC)
Three types of CT protocols are used for hybrid imaging procedures: an unenhanced, nongated, free tidal breathing CT scan (5-mm slice thickness) for attenuation correction; an unenhanced, gated, breath-hold CT scan (2-to 3-mm slice thickness) for coronary artery calcium scoring; and a contrast-enhanced, gated, breath-hold CT scan (0.5-to 0.75-mm slice thickness) for coronary CTA.
Several years ago, CT was incorporated into hybrid devices solely for the purposes of attenuation correction (44) . The main advantage of these initial devices was that the CT image was of low temporal and spatial resolution and more comparable with the resolution of the radionuclide scans, and may result in fewer misregistration artifacts. However, the scan duration was prolonged and the limited CT was not helpful for anatomic disease
or PET scanners, allowing the acquisition of standard multidetector CT scans for attenuation correction, coronary artery calcium scoring, and coronary CTA, at a fast pace. These scanners produce high-resolution CT scans in approximately 10 s. Because of the faster imaging in relation to the emission scans, the heart position is averaged over a few breathing cycles, compared with SPECT or PET, for which the heart position is averaged over 5-12 min (6) . This has resulted in a relatively higher frequency of misregistration artifacts and the need to consider various protocols to coregister the PET (or SPECT) and the CT images.
Investigators experimented with various breathing techniques such as free tidal breathing, breath-hold at end inspiration, or breath-hold at end expiration (45) . Currently, free tidal breathing with averaging of respiratory movement appears to be the best technique (6). Lowdose or ultra-low-dose CT (46, 47) , as well as slow CT (48, 49) and ultra-fast CT, have been tried to match the image resolution to that of the MPI in an attempt to improve registration of the MPI and CT images, but with no distinct advantages. Dual gated PET/CT with ECG gating and gating for respiratory motion are feasible and are being tested (50) (51) (52) . Some of the newer-generation fast SPECT scanners have low-dose CT-based attenuation correction (53) . General guidelines for CT-based transmission imaging are listed in Table 8 .
Transmission scanning with shallow tidal breathing is the best protocol. Tube current and voltage of approximately 10-20 mA and 80-140 kVp are recommended. For PET MPI, a single CTAC is standard (since the patient can undergo stress agent infusion in the PET gantry). However, because of frequent patient motion between the separately acquired MPI and CTAC studies, which can be difficult to detect by patient observation, or if the patient is moved between the rest and stress MPI, a separate CTAC for the rest and stress MPI study may be used (optional). Some scanners will not allow the use of CTAC for attenuation correction if the patient or table position has shifted by more than 5 mm between trans- Reproduced with permission from (6). mission and emission imaging. For SPECT MPI, a separate CT scan is typically necessary for the rest and stress MPI studies. The use of the transmission CT scan to assess for coronary artery calcium can approximate the extent of coronary calcification (54) . This approach, however, does not provide an accurate measure of coronary artery calcium, since it is a nongated study that has artifacts due to coronary artery motion. Also, the attenuation scan is obtained with a much lower photon density than the calcium score scans. Frequently, the use of CTAC for visual assessment of coronary artery calcium may fail to detect small amounts of calcium in approximately 8% of patients (54) .
The use of the coronary artery calcium score CT scan for attenuation correction (55,56) has been explored. However, the calcium score is an end-diastolic image obtained typically during an inspiratory breath-hold and may not register adequately with the MPI, which is an averaged image of the heart over several cardiac cycles obtained during shallow tidal breathing.
Coronary artery calcium scan
The coronary artery calcium score CT scan is performed per standard protocols as described previously (28) . Scanners with excellent spatial and temporal resolution must be used to ensure good image quality (see section VIII, Equipment Specification) (13, 28 ).
An unenhanced, prospectively ECG-triggered axial acquisition is reconstructed at a slice thickness of 2.5 or 3 mm at 65%-80% of the R-R cycle during an inspiratory breath-hold. To reduce radiation dose, it may be beneficial to use prospective triggering (depending on the scanner type) (56, 57) , wherein the x-ray tube is activated only during a prespecified phase of the cardiac cycle (as opposed to retrospective gating), thereby reducing dose delivered to the patient.
Although, theoretically, the imaging parameters might be adjusted on the basis of body habitus to lower radiation dose (lower tube current or voltage in patients with a smaller body mass index), only the standard tube potential (kVp) and current (mA) settings are currently recommended for accurate coronary artery calcium scoring. Preliminary data suggest that a tube potential of 100 kVp can reliably measure the coronary artery calcium score; however, the approach requires a different calcium threshold from the 130 HU used with standard calcium scoring algorithms and may vary with scanners. Although of potential use in reducing radiation dose, the use of lower tube potential has not yet been validated, and no standard threshold has been established for coronary artery calcium scoring (58) .
Retrospective gating with helical imaging is not suggested, because of increased radiation burden to the patient. A prospectively triggered mode without overlapping slices (step-and-shoot acquisition) has been shown to reduce radiation dose significantly, when compared with a helical mode with overlapping images (29, 59 ). High heart rates may degrade image quality. However, b-blockers are not routinely used before coronary artery calcium scans. 6. Coronary CTA Listed below are suggested guidelines for the performance of coronary CTA; however, these parameters and guidelines may vary with patient cardiac output, heart rate, and rhythm, as well as the type of scanner, vendor, and platform). Certain technical considerations need to be considered for hybrid coronary CTA and MPI studies. The scanners used must have an excellent spatial and temporal resolution to ensure image quality (see section VIII, Equipment Specifications) (13, 28, 29) .
Patient preparation. A large-bore intravenous needle is required for the coronary CTA study (to rapidly inject iodinated contrast material at 4-7 mL/min), ideally in the anticubital fossa. The wrist is to be avoided because of the risk of extravasation. If the study is scheduled as a combined study with rest and stress MPI, it is preferable to perform the MPI scan before the CT scan (to minimize any potential interference in attenuation correction from the iodinated contrast material). For pharmacologic studies, vasodilator stress is preferred to dobutamine stress because of the increased heart rate from dobutamine infusion. Oral or intravenous b-blockers are routinely used before coronary CTA to bring the heart rate to the target of 50-60 bpm. Because the temporal resolution of the scanners is limited, motion artifacts are minimized at heart rates of less than 60 bpm. b-blocker administration may less frequently be necessary when dual-source CT technology of a higher temporal resolution becomes incorporated into hybrid scanners. Nitroglycerin (0.4 mg sublingually or 1 spray) is frequently used immediately before the coronary CTA study to improve visualization of smaller-caliber coronary vessels through vasodilation).
Iodinated contrast material with maximal iodine concentration vasodilation ($300 mg I/mL) is preferred. Whether isoosmolar contrast agents are superior to higher-osmolar contrast material for the prevention of nephrotoxicity is still a matter of debate. Contrast material is administered intravenously at a rate of 4-7 mL/s. The amount of contrast material used varies (50-120 mL) on the basis of the selected flow rate, the scan length in the z-dimension, the type of scanner, and the selected scan mode (retrospectively ECG-gated, prospectively triggered axial, or prospectively triggered high-pitch spiral-scan mode).
Technical details. The coronary CTA scan on hybrid devices is acquired using standard protocols (13, 28, 29) . To reduce radiation dose, it is important to adjust the dose on the basis of body habitus. Reducing tube potential from 120 kV to 100 kV should be considered in individuals who weigh less than 85 kg or have a body mass index less than 30 kg/m 2 , and reduction to 80 kV can be considered in thinner patients (60) . A higher tube current and voltage may be considered in obese individuals to improve signal-to-noise ratio. If retrospective gating is used, ECG dose modulation with a low tube current during systolic phases is recommended (28, 29, 60) .
Prospective triggering techniques reduce radiation dose (59, 61, 62) . Instead of a low-pitch helical mode with overlapping images, a prospectively ECG-triggered scan using an axial (step-and-shoot) acquisition may reduce dose significantly while maintaining image quality (62, 63) . This approach is applicable only when the patient's heart rate is sufficiently slow (,60 bpm) and there is no arrhythmia. Widening of the acquisition window (padding) (the interval when the x-ray tube is activated) must be minimized to keep radiation dose low (64) . Prospective triggering obviates the possibility of evaluating LV function with gated CT.
Novel techniques to further minimize the radiation dose from coronary CTA using prospective ECG-triggered high-pitch spiral acquisition (65) or adaptive statistical iterative reconstruction algorithms (66, 67) are evolving. To optimize the scan duration with hybrid 82 Rb PET/ CTA, a stress-first protocol with vasodilator stress may be considered. b-blockers can be administered intravenously (metoprolol, 5 mg, repeated at 5-min intervals) after the stress 82 Rb MPI is completed.
Coronary CTA steps (13, 28, 29) . Each step in coronary CTA is performed using breath-hold instructions to train the patient. A scout scan of the chest is performed to localize the heart position. This scan may be used to define the start and end locations for the coronary CTA study.
The coronary CTA scan length ranges from 2.5 to 5.0 cm (1-2 in) above the aortic root/left main takeoff and from 2.5 to 5.0 cm (1-2 in) below the bottom of the heart silhouette as determined by the scout image. Since the scan length determines the duration of breath-hold and radiation dose to patients, the minimal required scan length should be used. However, if the scan length is too tight, there is a risk of not including the take-off of the left main coronary artery or the distal posterior descending artery. Frequently, the carina is used as a cranial landmark because it is readily identifiable on the topographic scout image and avoids the risk of exclusion of the left main or left anterior descending coronary arteries.
The arrival of contrast material in the ascending aorta is timed using either a timing bolus scan or a bolus tracking acquisition for automatic scan triggering. For a timing bolus scan, 10-20 mL of iodinated contrast material are injected at 4-6 mL/s using the power injector, followed by approximately 20 mL of normal saline chaser. Scanning is started (10 s later) as a single CT slice at 2 cm above the aortic root, 1 image every 2 s. The aorta is observed for contrast opacification, and the acquisition is stopped when a decrease in opacification is observed. The images are reviewed visually (optional) or using a program (standard) to identify the slice with maximal contrast and to calculate the time to peak opacification (including the 10-s delay). Once the time to peak contrast opacification in the aorta is determined, an additional 3-4 s is added to allow for opacification of the coronary arteries. This procedure offers the advantages of testing the intravenous line, avoids the risk of a delayed or early start of the imaging, and provides a chance to observe patient cooperation with instructions and breath-holding (28) .
A bolus tracking acquisition for automatic scan triggering is based on a prespecified intensity of contrast enhancement in the ascending or descending aorta (e.g., 100 HU). In this mode, the gantry is stationary and performs repeated axial scans through the aorta. The CTA acquisition is triggered when a region of interest over the aorta reaches the predetermined contrast enhancement threshhold.
A dual-head power injector is loaded with contrast in one syringe and normal saline in the other. Typical contrast injection rates range from 4 to 7 mL/s, dependent on body habitus and cardiac output. Higher rates of 7-8 mL may occasionally be used in individuals with a high cardiac output.
Typically, 50-120 mL of contrast material is administered, followed by an approximately 40-mL normal-saline flush during an inspiratory breath-hold. The precise amount of contrast material is based on scan duration (which is based on the prescribed start and end locations of the scan) and other parameters as described previously.
The saline chaser is used to keep a tight bolus of contrast material and to clear the material out of the right heart to avoid streak artifacts on the right coronary artery.
Images are reconstructed using standard parameters to the thinnest possible slice (0.5-0.75 mm, determined by the scanner detector configuration), with an increment resulting in an overlap of approximately one-third slice (enhances resolution in the z-dimension). In patients with a high body mass index, a slightly thicker slice (1 mm) may be used to avoid images with poor signal-to-noise ratio. Scanners with editing capabilities may use ECG editing to improve cardiac motion from an occasional ectopic beat during the acquisition. Images may be reconstructed in a larger field of view to study and interpret extracardiac findings.
Fusion of radionuclide and CT images
The radionuclide and CT images are acquired sequentially and can be displayed separately or as fused images (overlay of radionuclide and CT images) using hardware or software coregistration techniques. Images are not acquired in a fused mode. Management decisions are typically made using the integrated diagnostic information from radionuclide (SPECT or PET) and CT without actual image fusion, along with the fused images.
F. Integrating diagnostic information from radionuclide and CT images
Integration of the radionuclide and CT information and image fusion are new techniques whose clinical role is evolving. Literature to support their clinical utility is growing, but definitive studies are limited. Literature is evolving to support the diagnostic and prognostic role of calcium scoring in patients without known coronary artery disease (68) (69) (70) (71) (72) (73) (74) (75) (76) (77) (78) (79) (80) (81) (82) (83) . Likewise, several studies support the complementary roles of the diagnostic and prognostic information provided by CTA and MPI in symptomatic individuals (84) (85) (86) (87) (88) (89) (90) (91) (92) (93) (94) (95) (96) (97) . A joint position statement on hybrid cardiac imaging was published by the European Association of Nuclear Medicine, the European Society of Cardiac Radiology, and the European Council of Nuclear Cardiology (11).
Coronary artery calcium scoring and MPI
Several studies (68) (69) (70) (71) (72) (73) have shown that coronary artery calcium scoring has incremental diagnostic value over MPI because of its ability to quantify overall atherosclerotic burden. Depending on the population studied, about 21%-47% of patients with normal MPI results have a high coronary artery calcium score (Agatston score . 400) (68, 70, 74) . Preliminary data suggest that when available, the combined information of MPI and coronary artery calcium score may be used to manage the aggressiveness of coronary risk factor modification (69, 73, 82) . Studies have reported that from 15% to 40% of patients with an Agatston score of more than 400 demonstrate stress-induced ischemia on MPI (68, 70, 71) . A normal MPI study is associated with a low event rate for 2-3 y even in the presence of extensive coronary artery calcification (79) . However, a high calcium score may identify a higher risk in symptomatic subjects and during longterm follow-up (81, 98, 99) . These findings suggest the safety of an aggressive medical management strategy with repeated MPI in 2-3 y, as well as caution regarding referral to invasive coronary angiography.
Acquisition protocols for coronary artery calcium scoring and MPI are described in part E of this section. Coronary artery calcium scoring and MPI images are interpreted separately and do not require a fusion display of the images. Of note, coronary artery calcium scoring does not assess the severity of coronary artery stenosis (100) . Also, calcium scoring may be unreliable when used alone for risk assessment of patients with acute symptoms, especially women and younger patients (101), probably because noncalcified plaque (often the culprit lesion in acute coronary syndromes) is not identified.
Coronary CTA and MPI
The combined diagnostic information from CTA with MPI can be complementary in specific clinical scenarios (84) (85) (86) (87) (88) (89) (90) (91) (92) (93) (94) (95) (96) (97) 102) . Multivessel and subclinical atherosclerosis can be diagnosed accurately with CTA and add to the diagnostic value of MPI. The negative predictive value of CTA to exclude obstructive epicardial CAD is excellent (103) . However, the positive predictive value of CTA for identifying hemodynamically significant ischemia territories is only modest (103) . Also, stenosis severity can be overestimated by CTA (104) , especially in patients with beam-hardening artifacts from calcified coronaries. The magnitude of ischemic burden on rest and stress MPI determines the hemodynamic significance of coronary artery stenoses (1) and predicts benefits from revascularization (105, 106) . Also, the distal coronary segments or coronary segments obscured by multidetector-row CT artifacts can be well studied with MPI. In one study with hybrid PET MPI and concomitant CTA (85) , only 47% of significant angiographic stenoses were associated with ischemia and about half the patients with normal MPI results had evidence of non-flow-limiting CAD. Discordant findings on MPI and CTA can result from microvascular dysfunction (abnormal blood flow without obstructive epicardial CAD), calcified and nonobstructive CAD with normal perfusion or obstructive CAD that is not flow-limiting (due to hemodynamic or collateral changes), and imaging artifacts (7, (107) (108) (109) (110) . These findings should be interpreted and reported in the context of the combined imaging data (see section VII). Reduced left ventricular ejection fraction, an important predictor of outcomes after revascularization (111), can be determined by MPI (112) (113) (114) . Therefore, combined MPI and CTA can provide better characterization of the extent and severity of underlying CAD and potential benefit from revascularization than does either technique alone. However, although there are several studies showing the complementary value of combined MPI and CTA, this is an evolving field with ongoing studies (115) and definitive data are awaited.
Indications and appropriate use criteria for hybrid imaging
Addressing the indications and appropriate use criteria for imaging with hybrid devices is not the primary focus of this document. The indications and appropriate use criteria for MPI using hybrid devices are the same as for dedicated SPECT or PET scanners and have been previously addressed (1, 4) . Hybrid imaging is a relatively novel field, and there are no well-accepted indications for combined MPI and coronary artery calcium scoring or coronary CTA. In asymptomatic patients with an abnormal coronary artery calcium score, MPI may be appropriate for further evaluation if the Agatston score is more than 400 or, in patients with a high CHD risk, is more than 100 but not higher than 400 (4). Patients with an uninterpretable or equivocal MPI study may be candidates for CTA and vice versa (4) . The indications must be closely scrutinized on a case-by-case basis.
Because of the additional radiation burden and multiple testing, the results of the first test (CTA or MPI) must be reviewed to assess the need for the second test. If the first test is normal, the second test is typically not indicated. Therefore, combined MPI and coronary CTA would be the approach best suited presently for research laboratories or for laboratories with a low volume of studies, permitting careful scrutiny of the first test results and determination of the need for the subsequent test. When both tests are performed, the SPECT or PET MPI and coronary CTA images should be viewed independently and, using image fusion techniques, as an integrated image.
Fusion of radionuclide and CT images
Presently, fusion of radionuclide and CT images can be performed using images obtained from hybrid scanners (SPECT/CT or PET/CT) or using software to coregister images obtained on separate scanners. Fusion display of images typically includes fusion of CTAC and radionuclide images and fusion of CTA and radionuclide images. The CT images are typically displayed in gray scale, and the radionuclide images are displayed in a color scale. Software-based automated registration of the CT and emission images is accurate and rapid (in a few seconds) (116) . The automated registration of CT and emission images is reviewed and manually adjusted as needed. Correct registration in 3-dimensional voxels is important to accurately localize the region of radiotracer uptake and to accurately generate attenuation maps. Automated coregistration of cardiac images is more challenging than that of other images because of cardiac motion, cardiac torsion, cardiac phases (gating), and breathing motion (117) . The combination of MPI and CTA studies may improve the accuracy of each of the methods; CTA can improve MPI by better defining the contours of the myocardium, and MPI can aid in determining the significance of uninterpretable segments on CTA due to dense calcification, coronary artery motion, and other reasons (118).
CTAC and emission images
Attenuation correction is typically performed with CTAC obtained from hybrid scanners. Use of a CT scan obtained on a separate scanner for attenuation correction of the emission images is possible with software (119). However, the accuracy of this technique is not well studied and not widely used. Most vendors offer software to display the CTAC images along with the emission images in the 3 standard radiologic planes (transaxial, corona, and sagittal), and some vendors offer the ability to view these images in the standard cardiac imaging planes (short-axis, horizontal long-axis, and vertical long-axis images). It is recommended that registration be checked in multiple planes to ensure good registration.
If the images are misregistered, mere realignment of the CT and emission images using the fusion software is not adequate for correcting the errors in attenuation correction. The emission images need to be realigned to the transmission images and a new attenuation map generated (typically at the scanner acquisition console). The emission images then need to be reconstructed using the new attenuation map. 6. CTA and emission images Radionuclide and coronary CTA imaging can be performed sequentially on a hybrid scanner or on separate dedicated SPECT, PET, and CT scanners (119) . Although the CTAC and emission images are typically acquired sequentially as a part of the same study using hybrid devices, emission and CTA images are more commonly obtained as separate studies. The second test is performed if needed after a review of the results of the first study.
For fusion of the coronary CTA images, software programs are available that can segment the coronary CTA images and overlay them on the volume-rendered rest or stress myocardial perfusion images (86, 88) or coronary flow reserve images (quantitative PET images) (120) . In clinical practice, the fusion images are typically used to map or localize the abnormal territory on emission images to the diseased vessel on coronary CTA (121) . For research applications, hybrid imaging of radionuclide and CTA images is obtained for localization of radionuclide uptake (122, 123) . The fused images can be helpful to localize diseased regions but should not be the sole images used for diagnostic interpretation. The respective MPI and CTA images should be reviewed for a diagnostic interpretation. Preliminary studies suggest that fused CTA and MPI images may help improve identification of obstructive disease, compared with separate review of CTA and MPI data (119) .
Fusion of parametric images of coronary flow reserve with coronary CTA is possible (120, 124) . A recent study demonstrated that CTA and quantitative 15 O-water PET have high diagnostic accuracy in independently diagnosing flow limitation from CAD, when compared with fractional flow reserve measurements by invasive coronary angiography (sensitivity, specificity, and accuracy of multidetectorrow CT and 15 O-water PET was 95%, 87%, 90%, and 95%, 91%, and 92%, respectively). However, diagnostic accuracy increased significantly when the information was combined (sensitivity, specificity, and accuracy of hybrid imaging were 95%, 100%, and 98%, respectively). Also, fused images allowed identification of patients with stenosed vessels on CTA without flow limitations and identification of patients with microvascular dysfunction who did not have obstructive epicardial CAD.
VII. DOCUMENTATION/REPORTING
The interpretation and reporting of the MPI studies is a complex topic that has been well described previously (6, 110, (125) (126) (127) . The coronary CTA report should include the indication for the study, imaging technique, description of findings, and limitations of the examination as previously suggested (Table 9) (28, 110, 128) .
Further, for a comprehensive hybrid myocardial perfusion and cardiac CT report, the methods, findings, and interpretation of the MPI and coronary CT studies should be integrated (Table   10 ). The tables in this section are not as comprehensive as some of the prior publications on this topic but highlight some of the most important elements. The methods section should incorporate not only the stress and MPI parameters but also the acquisition parameters for the cardiac CT scan (attenuation correction, coronary artery calcium scoring, and coronary CTA). The study findings of MPI, coronary artery calcium scoring, coronary CTA, and ancillary findings should be reported in distinct sections. MPI findings should be reported, including the elements listed in Table 10 and as suggested previously. CT findings should be reported, including the elements listed in Tables 9 and 10 and as suggested previously, using standard terminology (60) . The final-interpretation section must include both the MPI results and the coronary artery calcium score or coronary CTA results when applicable in an integrated comprehensive statement.
Incidental findings are frequent (129) in the low-dose CTAC scans and coronary CTA studies. Although most such findings are of no relevance, clinically important findings that may affect patient management and are otherwise unknown are detected in up to 5% of patients (130) . However, there is presently no consensus on reporting findings seen incidentally on cardiac CT studies. Some guidelines recommend that the CTAC, coronary artery calcium score, and coronary CTA studies be reviewed and reported by an experienced physician with appropriate training in chest CT interpretation (13) , whereas others report no consensus on this matter (29) . It is the consensus of this writing group that the CT scans from hybrid SPECT or PET be reviewed and reported for ancillary findings.
VIII. EQUIPMENT SPECIFICATION
The image processing and display for the MPI images from hybrid devices are similar to those for stand-alone scanners and should be performed using previously described standards (5, 6) . Dedicated workstations with cardiac display software for MPI should be used. For PET MPI, only attenuation-corrected scans should be interpreted. With SPECT, both noncorrected and attenuation-corrected images should be reviewed when both are acquired. Dedicated software should be available to review the registration of the myocardial perfusion and CTAC images. Dedicated workstations should be used to compute the coronary artery calcium score and to review the coronary CTA studies. It is important to review the axial source images and multiplanar reformatted coronary CTA images, as well as maximum-intensity images, when doing such would be useful. Volume-rendered and fusion images may be helpful for disease localization but should not be used for primary diagnostic purposes. Several vendors offer unified platforms for the review and interpretation of myocardial perfusion, coronary artery calcium score, and coronary CTA images. The standard QC steps for SPECT, PET, and CT scanners apply to hybrid devices (5) . Separate QC procedures are required for the CT scanner and the SPECT or PET scanner in a hybrid device. The QC procedures for SPECT and PET scanners minimally include daily, weekly, monthly, and quarterly camera QC as per manufacturer recommendations. In addition, the requirements of accrediting organizations, that is, the ACR and the Intersocietal Commission for the Accreditation of Nuclear Medicine Laboratories, must be met for an accredited facility. This means that more frequent QC and testing will be required. To specify in this document what should be done will be difficult since each manufacturer requires slightly different tests at different frequencies.
SPECT scanners need daily energy peaking, uniformity testing, and weekly resolution and linearity testing as described previously (5) . Center-of-rotation and uniformity corrections are recommended depending on the specific scanner manufacturer guidelines.
The QC procedures for PET scanners have been previously described (6) . PET scanners need QC testing at the time of delivery and after any major upgrades. Daily testing of the PET system is as recommended by the manufacturer. Detector gains and coincidence-timing checks or adjustments should be performed at least weekly. Detector normalization should be performed at least quarterly, and PET scanners should also be calibrated or tested for absolute-activitymeasurement accuracy and overall system performance (including spatial registration between the PET and CT images) at least quarterly. It is also recommended that the accuracy of attenuation and scatter compensation be evaluated at least annually.
CT scanners need to be checked for CT number calibration and field uniformity, with periodic checks of spatial resolution (131) .
B. Imaging QC
MPI
MPI images are checked routinely for several QC steps (5) . Raw projection SPECT images are reviewed for patient motion, attenuation patterns, extracardiac activity, subdiaphragmatic activity, and position of the arms. Reconstructed SPECT and PET images are reviewed for count density, appropriate alignment between the stress and rest images, hot spots, and contours for calculation of transient cavity dilation ratio. Gated images are reviewed for count density, the beat histogram is checked for arrhythmias, and the contours of the gated files are checked to measure the accuracy of left ventricular volumes.
CT
CT images are checked for motion artifacts and for hardware and software artifacts. Coronary artery calcium score and coronary CTA images need to be reviewed for motion artifacts (13, 28, 29) . Multiple datasets in different cardiac phases may need to be reconstructed until the dataset with fewest artifacts is identified. 3. Imaging QC unique to hybrid devices Misregistration of emission and transmission images can result in artifacts (132) (133) (134) . Therefore, registration of the CT and MPI images must be routinely verified before image reconstruction and interpretation. This QC also involves ensuring that the MPI image is of adequate quality (count density and without excessive motion) and that the CT images are of adequate quality. If the transmission and emission images are determined to be of adequate quality, then the registration of these images is checked.
Fusion software
Several commercial software programs are available for fusion of CT and MPI images acquired from the same scanner or separate scanners. A fusion software package can also be provided by the hardware vendors. The results of the fusion should always be checked for accuracy before image interpretations.
Sources of error
Common sources of error for SPECT (5) and PET (6) radionuclide imaging are patient motion, poor signal-tonoise ratio, attenuation artifacts, and reconstruction artifacts. In addition, the primary sources of error in hybrid imaging are related to artifacts from misregistration of the transmission and emission scans and from motion during CTAC, coronary artery calcium scoring, or coronary CTA.
Misregistration is the most common source of artifacts on PET or SPECT/CT. This can result from several factors. Patient motion can occur between the transmission and emission images. In addition, the position of the heart on MPI relative to that on CT can change because of the effects of vasodilator stress, or because imaging for CTAC occurs during a phase of the respiratory cycle that results in the myocardium not being positioned at the average heart position, as is represented by the PET image.
Software reregistration may be used to correct for misregistration of the transmission and emission images when the source emission and transmission images are motionfree and of good quality. However, if either transmission or emission images are degraded by motion, software solutions may not be able to adequately correct the degradation and the scan may have to be repeated.
Patients should be instructed not to move, and the operators should make note of involuntary movements (e.g., coughing or sneezing during image acquisition). Patient motion during PET MPI is difficult to discern, and motion during either the MPI or the CT scan limits the use of those data. The MPI scan can be reacquired with SPECT radiotracers. With PET, the dynamic image file can be unlisted, the frames with motion discarded, and the remaining frames summed; however, this option may not be optimal with short-half-life radiotracers (especially if motion occurs during the initial 1-3 min of an 82 Rb image acquisition). The 75-s half-life of 82 Rb Stress-only MPI* Rest imaging can be avoided, and throughput is faster. PET MPI PET perfusion radiotracers ( 13 N-ammonia and 82 Rb) result in lower effective radiation dose than do SPECT radiotracers (Table 12) .
Compared with 2-dimensional PET, 3-dimensional imaging uses lower radiotracer dose and consequently has lower radiation dose to patients.
CT (144) Prospective ECG-triggered imaging
When available, prospective ECG-triggered imaging or high-pitch acquisition is preferred over retrospective gating to reduce dose (63) ; reduce padding to minimize dose (64) .
ECG dose modulation Reducing tube current during systolic phases reduces dose by ;25%-40%, depending on heart rate and settings (143, 144) .
Low-kV imaging
There is 53% reduction in median dose estimates for 100-kV scan, compared with 120 kV scan (144); this is particularly helpful in patients with low body mass index or for specific indications (65).
Low-mA imaging with iterative reconstruction algorithms
Technique uses low tube current combined with adaptive statistical iterative reconstruction (instead of filtered backprojection) of images to minimize image noise level and maintain image quality (66) .
SPECT/CTA and PET/CTA Personalized protocol For example, use of prospective ECG-triggered axial coronary CTA and low-dose stress-only cardiac SPECT (97) or PET may reduce collective radiation dose by approximately 40%.
*Stress-only imaging can be considered in highly selected cohorts with very low likelihood of coronary artery disease and when attenuation correction is available.
CTA 5 CT angiogram; MPI 5 myocardial perfusion imaging.
allows for repeating the study if excessive motion or other uncorrectable artifacts are observed. Patient motion during a CT scan may cause enough streak artifacts to require a repeated CT scan. Coronary artery motion can be minimized for dated cardiac CT scans (coronary artery calcium scoring and coronary CTA) using b-blockers as needed to reduce the patient heart rate at the time of image acquisition. However, b-blockers are generally not used with coronary artery calcium scoring. Additionally, it has been shown that the extent and severity of MPI abnormalities are reduced in patients under the effects of b-blockers (31, 32) . Stair-step artifacts are eliminated on 320-slice scanners wherein the entire heart volume is covered in 1-2 heartbeats (13, 28) , as well as with the prospectively triggered high-pitch acquisition (FLASH mode [fast-pitch spiral CT]), which requires a fraction of 1 heart beat (approximately 250 ms) for the CTA acquisition (135).
X. RADIATION SAFETY AND ALARA ISSUES
Patient exposure to ionizing radiation should be at the minimum dose consistent with obtaining a diagnostic examination in accordance with ALARA (as low as reasonably achievable) principles. Patient radiation exposure may be reduced by administering less radiopharmaceutical when the technique or equipment used for imaging can support such an action. Each patient procedure is unique, and the methodology to achieve minimum exposure while maintaining diagnostic accuracy needs to be viewed in this light. Dose ranges outlined in this document should be considered a guide, and it is expected that, at a minimum, dose reduction techniques will be considered for each patient procedure and used when appropriate (Tables 3, 11 , and 12). Dose reduction is important not only for patients but also for the technologists and health professionals who perform these procedures. The lowest radiation dose required to obtain a diagnostic-quality image should be used.
The 2 options for hybrid imaging include dose reduction from CT studies or MPI procedures. Several factors influence radiation dose, and hence dose estimates are variable and their precise estimation is challenging (136, 137) . Possible approaches to reduce radiation dose from MPI (138), CT (28, 29) , and hybrid procedures are shown in Table 11 (139) (140) (141) (142) (143) (144) (145) .
A. MPI Dosimetry
For MPI dosimetry data, see Tables 12219 (146-151) 
B. MPI in the Pregnant or Potentially Pregnant Patient
Hybrid imaging is not recommended in the pregnant or the potentially pregnant patient, for whom imaging modalities without radiation risk are instead recommended.
C. MPI in the Breast-Feeding Patient
Radionuclide imaging is not recommended for the breast-feeding patient. Alternate imaging modalities without radiation risk are instead recommended. If radionuclide imaging is considered, the International Commission on Radiation Protection publication 106 (147) suggests a 48-h interruption of breast feeding for subjects receiving 201 Tl but does not provide a recommendation about interruption of breast feeding for 82 Rb. The authors recommend that no interruption is needed for breast-feeding patients administered 99m Tc agents, 13 N-ammonia, or 18 F-FDG. Close and prolonged contact (.2 min) should be avoided for a few hours after 18 F-FDG administration. However, for 99m Tcradiopharmaceuticals, consideration should be given to postponing the procedure in a lactating woman. A 4-h in- (150) . No information about possible placental crossover of this compound was available for use in estimating fetal doses. Separate estimates were not given for rest and exercise subjects. (148) . No information about possible placental crossover of this compound was available for use in estimating fetal doses.
terruption during which 1 meal is discarded can be considered to be on the safe side.
D. Coronary CTA
Coronary CTA can now be performed with effective doses of less than 1 mSv in some patients. The typical radiation doses from cardiac CT are listed in Table 12 .
XI. CONCLUSION
Advances in hybrid imaging technologies over the past several years have resulted in the ability to improve image quality and the diagnostic accuracy of MPI and identify calcified atherosclerosis (coronary artery calcium scoring) and coronary artery stenoses noninvasively using coronary CTA. For successful and appropriate use of this new technology, a clear understanding of the capabilities and limitations of the technology and appropriate patient selection, preparation, scan acquisition, and image reconstruction is required. This document attempts to provide some guidance on the performance of hybrid cardiac procedures using PET/CT and SPECT/CT. For more details, readers are referred to other documents detailing the protocols and procedures for each of these tests. The proper performance of hybrid imaging requires clinical knowledge and appropriate training and expertise at all steps of the process from screening to the performance, interpretation, and reporting of these procedures, so that each procedure may be tailored to the patient and the clinical question to be answered. No dose estimates to fetus were provided by Russell et al. (150) , but estimates were made using kinetic data in ICRP 53 (149) . No information about possible placental crossover of this compound was available for use in estimating fetal doses. 
